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Embryo s and alevins o f  co astal-spawning and interio r-spawning so ckeye (Onco rhynchus nerka) and chino o k (0. tsha-

wytscha) salmo n sto cks in British Co lumbia were incubated under co ntro lled water temperatures o f  2 ,4 , 8, 12, and 15 "C. At


lo w incubatio n temperatures, interio r-spawning sto cks o f  bo th species had smallereggs and higher embryo  survival rates than


did co astal-spawning sto cks. Interio r-spawning sto cks had f aster develo pmental rates to  alevin hatching and f ry emergence


than did co astal-spawning sto cks. Interio r-spawning sto cks had pro po rtio nately larger alevins o r f ry at 2°C (f o r so ckeye


salmo n) o r 4°C (f o r chino o k salmo n) relative to  their perf o rmance at 8°C than did co astal-spawning sto cks. Red-f leshed


chino o k salmo n had higher embryo  survival rates at 15°Cthan did white-f leshed chino o k salmo n, as well as an indicatio n o f 


pro po rtio nately larger alevins o r f ry relative to  the perf o rmance at lo wer incubatio n temperatures. Dif f erences in develo p-

mental bio lo gy o f  interio r- and co astal-spawning sto cks may ref lect adaptatio n to  the thermal co nditio ns experienced during


develo pment.


BEACHAM, T. D., et MURRAY, C. B. 19 89 . V ariatio n in develo pmental bio lo gy o f  so ckeye salmo n (Onco rhynchus nerka) and


chino o k salmo n (0. tshawytscha) in British Co lumbia. Can. J. Zo o l. 67 : 2081-2089 .


Des embryo ns et des alevins de Saumo ns nerka ( ~ n c o r h ~ n ~ h u s  nerka) et de Saumo ns chino o k (0. tshawytscha) pro venant


de sto cks de Co lo mbie-Britannique f rayant surla c6te ou h 1'intCrieur des terres o nt CtC gardCs h 2 ,4, 8, 12 ou 15°C. Les sto cks


des deux espkces h f raye interieurepro duisent des o euf s plus petits et leurs embryo ns o nt des taux de survie aux tempkratures


f aibles plus ClevCs que les embryo ns des sto cks h f raye c6tikre. Le dkvelo ppement jusqu'h l'&lo sio n des alevins vbiculCs et


1'Cmergence des alevins plus avancCs est plus rapide chez les embryo ns des sto cks h f raye intCrieure que chez les embryo ns des


sto cks f rayant sur les c6tes. Chez les sto cks h f raye intCrieure, les alevins des deux stadesso nt plus gro s h 2°C (Saumo n nerka)


o u h 4°C (Saumo n chino o k), pro po rtio nnellement h leur perf o rmance h 8"C, que les alevins des sto cks h f raye c6tih-e. Les


Saumo ns chino o k h chair ro uge o nt des taux de survie embryo nnaire h 15°C plus ClevCs que les Saumo ns chino o k h chair


blanche et leurs alevins ClevCs h cette tempkrature semblent plus gro s que ceux ClevCs h des tempkratures plus f ro ides. Ces


dif f krencesentre les sto cks qui f rayent sur la c6te et les sto cks qui f rayent h I'intCrieur so nt pro bablementle ref let d'adaptatio ns


aux co nditio ns thermiques qui prkvalent au co urs du dCvelo ppement.


[Traduit par la revue]


Introduction 

and chino o k salmo n. The seco nd co mpariso n is between red-

In British Co lumbia, so ckeye salmo n (Onco rhynchus nerka) 

and white-f leshed f o rms o f  chino o k saimo n. In bo th co mpari-

spawn during ~~~~~t thro ugh No vember (Fo eBter 19 68), 

so ns, evidence f o r adaptive variatio n in develo pmental


migrating relatively sho rt distances up co astal rivers o r, in 

characters is examined.


majo r rivers like the Fraser o r Skeena, migrating up to  7 00 km


upstream in areas f ar remo ved f ro m co astal climates. Chino o k 

Materials and methods


salmo n ( 0 . tshawytscha) spawn during July thro ugh No vem- 

ber, and the spawning sites range f ro m being immediately 

abo ve tidal limits to  o ver 1000 km upstream in the Fraser River 

drainage (Aro  and Shepard 19 67 ). So ckeye and chino o k sal- 

mo n thus have sto cks
spawning in areas subject
to 
the mild


winter co astal climate and the mo re severe winter climate in 

the interio r o f  the pro vince.


Unlike o ther Onco rhynchus species, chino o k salmo n have 

two  distinct f lesh co lo ur f o rms, being red-f leshed o r white- 

f leshed (Milne 19 64; Go df rey 19 75). The white-f leshed f o rm 

apparently do es no t depo sit co lo ured dietary caro teno ids in the 

f lesh (Withler 19 86). During sexual maturatio n, the muscle 

caro teno ids are transpo rted f ro m the f lesh to  the skin o f  bo th 

sexes and to  the eggs o f  f emales (Cro zier 19 70; Kitihara 

19 84). White-f leshedchino o k salmo n f emales pro duce eggs o f  

lo wer pigment co ntent than red-f leshedo nes, and if  egg quality 

is asso ciated with egg pigment co ntent (Craik 19 85), develo p-

mental dif f erences may o ccur between red- and white-f leshed


chino o k salmo n. 

In the present study, two  co mpariso ns o f  variatio n in 

develo pmental bio lo gy are co nducted. The f irst co mpariso n is 

between
co astal- and
interio r-spawningsto cks o f 
bo th
so ckeye


So ckeye salmo n gametes were co llected o n 29 Octo ber 1986


f ro m Weaver Creek, a co astal tributary o f  the Fraser River, and o n


31 Octo ber 1986 f ro m Adams River, an interio r tributary in the


Thompso n River (eventually Fraser River) drainage (Fig. 1).


Gametes
were
co llected f ro m
10 males
and
10 f emales
per
sto ck
and


were transpo rted to  the labo rato ry, and then sperm f ro m a single male


f ertilized the eggs o f  a single f emale (f ull-sib f amily). Chino o k


salmo n gametes were co llected o n 15 August 1986 f ro m the Kitimat


River and o n 19 September 1986 f ro m the Bella Co o la River, bo th


co astal rivers o n the no rthern co ast o f  British Co lumbia. Gametes


were co llected f rbm f ive males and f ive f emales to  pro duce f ive f ull-

sib f amilies per sto ck. The f lesh co lo ur o f  the parents f ro m these two 


sto cks was no t determined. Chino o k salmo n gametes were also 


co llected o n 26 September 1986 f ro m the Quesnel River, an interio r


upper Fraser River tributary. Gametes f ro m f o ur red-f leshed males


and f emales and f o ur white-f leshed males and f emales were co llected,


and f ertilizatio nswere co nducted to  pro duce f o ur red-f leshed and f o ur


white-f leshed f ull-sib f amilies. The f ertilized eggs o f  bo th so ckeye


and chino o k salmo n were incubated in vertical stack incubato rs with


target temperatures o f  2, 4, 8, 12, and 15°C. Two  replicates per


f amily were incubated at each temperature, and water temperatures


were reco rded daily.


Egg diameter (rnm) and egg weight (mg) were determined f ro m 30


water
hardened eggs
per
f emale, with
the
eggs
preserved
at
least
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FIG. 1. Lo catio ns o f  salmo n sto cks examined, with so ckeye salmo n surveyed at Weaver Creek and Adams River, and with chino o k salmo n


surveyed at Kitimat River, Bella Co o la River, and Quesnel River.


3 mo nths in 10% f o rmalin. During incubatio n, dead eggs were 

remo ved, sto red in Sto ckard's so lutio n,and later inspected to  remo ve 

unf ertilized eggs. Embryo  survival rates were then calculated based 

upo n the number o f  f ertilized eggs. 

During hatching, alevins were co unted o n a daily basis, and within 

1day o f  50 % hatching, we anesthetized and then preserved a sample


o f  alevins in 10% f o rmalin f o r subsequent determinatio n o f  alevin


length and weight. Fo rk length was reco rded to  the nearest 0.1 rnm, 

to tal weight reco rded to  the nearest milligram, and the yo lk was 

separated f ro m the rest o f  the bo dy and weighed, with tissue weight 

determined by subtractio n. Dead alevins were also  remo ved and 

co unted to  determine alevin survival rates. The timing o f  f ry emer- 

gence was determined by placing the alevins in an emergence trap 

mo dif ied f ro m Maso n (1976) and Go din (1980), where the alevins 

were classif ied as newly emergent f ry o nly when they became neu- 

trally buo yant and po sitively pho to tactic. Because it was dif f icult to  

maintain 2°C in the emergencetraps, timing o f  f ry emergence at 2OC 

was based upo n visual inspectio n, and when 50% o f  the alevins had 

the yo lk sacs entirely co vered with chro mato pho res ("butto ned-up")


(late stage 36 o f  V ernier 19 69 ), they were def ined to  have emerged. 

At all o ther temperatures, the time o f  f ry emergence was def ined as


o ccurring when 50%o f  the f ry emerged. Length and weight o f  emer- 

gent f ry were determined as f o r alevins. 

V ariatio n in so ckeye and chino o k salmo n egg size was examined 

with a random ef f ect nested analysis o f  variance mo del (species 

separate): 

where Kjk is the egg diameter o r weight; p, the mean; S,, the ef f ect o f 


sto ck (i = 1-3); c,, the ef f ect o f  f emale (j = 1 - 10) within sto ck i;

and e+, the erro r term o f  kth egg in subgro up ij. V ariatio n in embryo 


and alevin survival rates was examined by calculating survival rates


f o r each f amily as pro po rtio ns and then transf o rming them to  radians


with the arcsine squarero o t transf o rmatio n. V ariatio n in survival rates


was analyzed with the same mo del as o utlined f o regg size. Incubatio n


temperatures and species were co nsidered separately in the analysis.


V ariatio n in survival rates o f  red- and white-f leshed Quesnel River


chino o k salmo n was analyzed with a similar mo del, the o nly dif f er-

ence being that the random ef f ect o f  sto ck was replaced by the f ixed


ef f ect o f  co lo ur.


V ariatio n in alevin and f ry size was analyzed with the mo del


where Kjkl is the size character; p, the mean; Ti, the ef f ect o f  incuba-

tio n temperature (i = 1-5); S,, the ef f ect o f  sto ck ( j  = 1-3); TS,,.,


the temperature x sto ck interactio n; F,,, the ef f ect o f  f emale within


sto ck (k = 1 - 10); TFjjk, the temperature x f emale interactio n; and


ejjkl, the erro r term o f the lth alevin o r f ry in subgro up ijk. Tempera-

ture was co nsidered f ixed with o ther ef f ects rando m. Satterthwaite's


(1946) appro ximatio n was necessary to  calculate an appro ximate


mean to  test the ef f ect o f  sto ck. Specieswere co nsidered separately in


the analysis. V ariatio n in alevin and f ry sizef o r red- and white-f leshed


Quesnel River chino o k salmo n was analyzed with a similar mo del,


with the f ixed ef f ect o f  co lo ur replacing the rando m ef f ect o f  sto ck.


Results


Egg size


Substantid differences in egg size were observed between


the two sockeye salmon stocks. Eggs from the coastal-

spawning Weaver Creek stock had a mean diameter of

6.54 mm (SE = 0.02 mm) and mean weight of 144.1 mg


(SE = 0.7 mg), with a mean female postorbital-hypural


length of 476 mm. Eggs from the interior-spawning Adams


River stock had a mean diameterof 5.77mm (SE = 0.01mm)


and mean weight of 97.2 mg (SE = 0.7 mg), with a mean


female postorbital -  hypural length of 483 mm. Although


females from the two stocks were of similarsize,  eggs from the


interior-spawning stock were substantially smaller (F1, 8 =


92.1, P < 0.01)and lighter (Fl,l8 = 84.6)than those from the


coastal-spawning stock. Significant differences were also
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o bserved amo ng f emales within sto cks f o r bo th egg diameter 

and weight (bo th P < 0.01). Ho wever, dif f erences between 

sto cksacco unted f o r  82 % o f  the to tal o bserved variatio n in egg 

diameter, whereas dif f erences amo ng f emales acco unted f o r 

9 % . Similarly, dif f erences between sto cks acco unted f o r 87 % 

o f  the to tal o bserved variatio n in egg weight, whereas dif f er- 

ences amo ng f emales acco unted f o r 10 % . 

Chino o k salmo n in the two  co astal-spawning sto cks also  had 

larger eggs than in the interio r-spawning sto ck. Eggs f ro m the 

co astal-spawning Kitimat River sto ck had a mean diameter o f  

8.85 mm (SE = 0.03 mm) and mean weight o f  356.1 mg 

(SE = 4.3 mg), with a f emale po sto rbital - hypural length o f  

821mm. Eggs f ro m the Bella Co o la River sto ck were 9 .14 mm 

(SE = 0.04 mm) in diameter and 396.0 mg (SE = 4.8 mg) in 

weight, with f emale length unavailable. Eggs f ro m the 

interio r-spawning Quesnel River sto ck were 8.47 mm (SE = 

0.02 mm) in diameter and 317.4 mg (SE = 1.5 mg) in weight 

with a f emale po sto rbital-hypural length o f  803 mm. Egg 

diameter (F2,15 = 6.10, P < 0.05) and weight (F2,15 = 4.50, 

P < 0.05) varied amo ng sto cks and amo ng f emales within 

sto cks f o r bo th characters (bo th P < 0.01). Dif f erences amo ng 

sto cks acco unted f o r 37 % o f  the to tal variato n in egg diameter 

and 36% o f  the variatio n in egg weight, with dif f erences 

amo ng f emales acco unting f o r 42 and 59% o f  the to tal varia- 

tio n f o r egg diameter and weight, respectively. No signif icant 

dif f erence in egg diameter (F1,6 = 1.37, P > 0.05) o r egg 

weight (F1,6 = 1.9 1, P > 0.05) was o bserved between red- 

and white-f leshed f emale Quesnel River chino o k salmo n.


Mean egg diameter o f  red-f leshed f emales was 8.41 mm with a 

mean weight o f  309 mg, whereas that o f  the white-f leshed 

f emales was 8.54 mm and 326 mg, respectively. 

Survival rates 

Substantial dif f erences in embryo  survival rates were 

o bserved between the two  so ckeye salmo n sto cks incubated at 

2°C (Table 1). Embryo s f ro m the interio r-spawning Adams 

River sto ck survived signif icantly better than embryo s f ro m the 

co astal-spawning Weaver Creek sto ck (F1,18 = 24.7, P < 

0.01). Embryo  survival rates at 2 "C were less than 40 % f o r 7 

o f  the 10 Weaver Creek f amilies examined but less than 40% 

f o r o nly 1 o f  10Adams River f amilies (Fig. 2). No signif icant 

dif f erences in embryo  survival rates were o bserved at any o f  

the o ther incubatio n temperatures (all P > 0.05). 

So ckeye salmo n alevin survival rates were dif f erent between 

the two  sto cks at o nly 15"C, with alevins f ro m the co astal- 

spawningWeaver Creek sto ck surviving better than tho se f ro m 

the interio r-spawning Adams River sto ck (F1,18 = 7.5, P < 

0.05) (Table 1). All Weaver Creek f amilies had alevin survival 

rates abo ve 90 % at 15 "C, whereas o nly 5 o f  the 10 Adams 

River f amilies had alevin survival rates abo ve 9 0% (Fig. 2). 

The interio r-spawning sto ck had higher embryo  survival rates 

at a lo w incubatio n temperature and lo wer alevin survival rates 

at a high incubatio n temperature than did the co astal-spawning


sto ck. These dif f erences suggest that this variatio n is adaptive 

relativeto  the thermal co nditio ns that these sto cks wo uld likely 

enco unter during develo pment. 

No chino o k salmo n embryo s survived at 2°C and embryo  

survivalrates were signif icantly dif f erent amo ng sto cks at o nly 

4°C (F2,15 = 8.8, P < 0.01). Embryo s f ro m the interio r- 

spawning Quesnel River sto ck had the highest survival rates, 

and tho se f ro m the co astal-spawning Kitimat River sto ck had 

the lo west rates (Table 1). No  substantial dif f erence in embryo  

survival rates was o bserved between the Bella Co o la River and 

Quesnel River sto cks. Embryo  survival rates at 4°C were less


than 60% in f o ur o f  the f ive Kitimat .River f amilies examined


and greater than 9 7% in seven o f  eight Quesnel River f amilies


examined (Fig. 3).

Chino o k salmo n alevin survival rates were signif icantly dif -

f erent amo ng sto cks at o nly 15°C (F2,15 = 23.6, P < 0.01),

with Bella Co o la alevins surviving less well than did alevins


f ro m the o ther two  sto cks (Table 1). Fo r bo th so ckeye and


chino o k salmo n embryo  and alevin survival rates, signif icant


dif f erences amo ng f amilies within sto cks were o bserved at lo w


(2 "C o r 4 "C) and high (15 "C) incubatio n temperatures (Figs.

2, 3). Altho ugh so ckeye salmo n sho wed variatio ns in embryo 


and alevin survival rates suggestive o f  thermal adaptatio ns to 


spawning habitats, the results f o r chino o k salmo n were less


co nclusive. The interio r-spawning sto ck had the highest


embryo  survival rates at 4"C, but a co astal sto ck had the


lo west alevin survival rates at 15 "C .


Fo r the Quesnel River chino o k salmo n sto ck, embryo  and


alevin survival rates o f  red- and white-f leshed f ish were com-

pared f o r the f o ur incubatio n temperatures at which embryo s


survived. The o nly signif icant dif f erence o ccurred at 15 " C,

with red embryo s surviving better than white embryo s (F1,6 =


6.06, P < 0.05) (Table 2). Three o f  the f o ur red f amilies had


embryo  survival rates in excess o f  95 %, whereas o nly o ne


white f amily had embryo  survival rates o ver 9 5% (Fig. 3).


Dif f erences in survival rates o f  red and white embryo s


o ccurred o nly at high incubatio n temperatures.


Hatching and emergence time


So ckeyesalmo n alevins f ro m the Adams River sto ck hatched


earlier than did tho se f ro m the Weaver Creek sto ck at all incu-

batio n temperatures. Dif f erences between the sto cks were


accentuated at lo w incubatio n temperatures, with Weaver


Creek alevins taking appro ximately 8 days lo nger to  hatch at

2 "C than Adams River alevins (Table 1). The same trend was


o bserved in f ry emergence timing, with Weaver Creek f ry


emerging later than tho se f ro m Adams River. The f aster


develo pmental rate o f  the interio r-spawning Adams River


sto ck may ref lect an adaptatio n to  co lder thermal co nditio ns


enco untered during develo pment.


Chino o k salmo n alevins f ro m the interio r-spawning Quesnel


River sto ck hatched earlier at all incubatio n temperatures than


did tho se f ro m the co astal-spawning Kitimat and Bella Co o la


River sto cks (Table 1). This trend was again o bserved in f ry


emergence timing. The Kitimat River sto ck was the earliest


spawning o f  the three sto cks examined, and f ry f ro m this sto ck


to o k the lo ngest time to  emerge. No dif f erence in develo pment


rate was o bserved between red- and white-f leshed chino o k


salmo n f ro m Quesnel River. The f aster develo pment rate o f  the


interio r- and later-spawning Quesnel River sto ck may, as with


so ckeye salmo n, ref lect adaptatio ns to  a co lder thermal regime


during develo pment.


Alevin size


So ckeye alevin length dif f ered signif icantly amo ng incuba-

tio n temperatures, with the lo ngest alevins o bserved at either 4


o r 8°C and the sho rtest at 15°C (F4,4 = 21.0, P < 0.05)

(Table 3). Alevins were heaviest under at 8°C temperature


regime and lightest under either an extreme high (15 "C) o r lo w


(2°C) temperature regime. The yo lk weight o f  alevins at hatch-

ing increased with increasing incubatio n temperature (F4,4 =


26.4, P < 0.05), but there was no  signif icant ef f ect with


respect to  incubatio n temperature o n alevin tissue weight at
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TABLE 1. Survival rates o f  embryo s and alevins f o r two  sto cks o f  so ckeye salmo n and three sto cks o f  chino o k salmo n incubated at co ntro lled


temperatures o f  2, 4, 8, 12, and 15°C


Alevin


Embryo

Survival rate


Survival rate


Temperature (f ertilizatio n Time to  50 % Temperature Hatching to  Fertilizatio n Time to  50%

Sto ck ("(3 N to  hatching) hatching (days) ("C) N emergence to  emergence emergence (days)


Weaver 2.0k0.06

3 .9 k 0.32


7 .8 f  0.36

11.9 f  0.32


14.9 f  0.27


Adams 2.0k 0.06

3.9 k0.32

7 .8 f  0.36

11.9 f  0.32

14.9 f  0.27


Kitimat 

2.0f  0.06

3.9 f  0.86

8 .0k 0.68

12.0f  0.50

15.2f  05.0

Bella Co o la 2.0 + 0.06


3.9 k0.63

7 .9 k0.50

12.0f  0.57


15.0f  0.40

Quesnel 2.0f  0.06


3.8 f  0.55

7 .9 f  0.53

12.1 k0.56

15.0k0.39

So ckeye salmo n


19 8.2k2.0 2.0kO.10

134.3+ 1.8 3.9 k0.40

7 9 .2k0.8 7 .8k0.32

51 .4k0.6 12.0k0.35

43.1 k0.7  15.0f  0.26

189 .9 f  1.9  2.0k0.10

130.1k1.3 3.9 k0.40

7 6.6k0.8 7 .8k0.33

50.2 k 1.4 12.0k0.34

42.2k1 .1 15.0f  0.26

Chino o k salmo n


NOTE: Times of 50% hatching of the alevins and 50% emergence of the fry are also indicated. Mean temperature observedat each controlledtemperature regime foreach stock is also


recorded. N is number of fertilized eggs (for embryo survival rates) or alevins hatching (for alevin survival rates). Values are means f SE.


hatching (F4,4 = 1.2, P > 0.05) (Table 3). Sto ck dif f erences 

o ccurred in all o f  the alevin size characters (P < 0.05), as 

might be expected given the substantial dif f erence in mean egg 

size between the two  sto cks. Signif icant dif f erences were also  

o bserved amo ng f amilies within sto cks (Fig. 4), but these dif - 

f erences were pro bably largely attributable to  variatio n in 

egg size. 

If  the two  so ckeye salmo n sto cks are adapted to  dif f erent 

thermal regimes during develo pment, there sho uld be dif f erent 

trends in the alevin size characters with respect to  incubatio n 

temperature. This wo uld be illustrated by an interactio n 

between sto ck and incubatio n temperature. Signif icant inter- 

actio ns were o bserved f o r alevin length (F4,7] = 6.9 , P < 

0.01), to tal weight (F4,7] = 27.8, P < 0.01), and tissue weight 

(F = 32.O, P < 0.01). As an example, Adams River alevins 

were heavier and mo re ef f icient at co nverting yo lk to  bo dy 

tissue at 2OC relative to  sto ck perf o rmance at 8°C than were 

Weaver Creek alevins. At 2"C, to tal bo dy weight o f  Adams 

River alevins was 88.9% that o bserved at 8OC, and tissue 

weight was 84.4%. Comparable f igures f o r Weaver Creek 

alevins were 88.0 and 83.3 %, respectively. Adams River 

alevins may be mo re ef f icient at co nverting yo lk to  bo dy tissue 

under a very lo w incubatio n temperature. Signif icant inter- 

actio ns were also  o bserved between incubatio n temperature 

and f amily f o r all alevin size characters (all P < 0.01) 

(Fig. 4). The respo nse o f  f amilies to  a changing incubatio n


enviro nment was no t unif o rm within sto cks, indicating that


suf f icient variatio n exists within sto cks to  respo nd to  a variable


thermal regime.


Incubatio n temperature had a signif icant ef f ect o n chino o k


salmo n alevin length (F3,6 = 16.1, P < 0.01), to tal weight


(F3,6 = 20.3, P < 0.01), yo lk weight (F = 15.4, P < 0.01),

and tissue weight (F = 68.2, P < 0.01). Alevins were gener-

ally the lo ngest and had the greatest tissue weight at 4OC.


Alevins were the heaviest at 8°C and had the mo st yo lk at

15°C (Table 3). Sto ck dif f erences also  o ccurred in all alevin


size characters, but as with so ckeye salmo n, these largely


ref lect dif f erences in initial egg size. Fo r example, eggs were


heaviest f ro m the Bella Co o la River sto ck and lightest f ro m the


Quesnel River sto ck, and alevin weights ref lect this dif f erence


(Table 3). Signif icant dif f erences in alevin size characters were


also  o bserved amo ng f amilies within sto cks (Fig. 5), again


mo stly ref lecting dif f erences in initial egg size.

A signif icant interactio n between sto ck and temperature was


o bserved f o r chino o k salmo n alevin length (F6,45 = 7.35, P <


0.01) but no t f o r any o f  the weight characters (all P > 0.05).

The interactio n o ccurred because Kitimat River alevins


declined in length as temperature increased f ro m 4 to  8OC,


whereas alevin length in the o ther two  sto cks increased (Table


3, Fig. 5). Signif icant interactio ns were also  o bserved between
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EMBRYO

WEAVER

ALEVIN

WEAVER

EMBRYO 

KITIMAT 

ALEVIN

KlTlMAT

BELLA COOLA BELLA COOLA

1 ADAMS ADAMS

1


9 

QUESNEL (white) 

QUESNEL (white )


QUESNEL (r ed ) QUESNEL (r ed )

0.70- 0.80-

4 8  12 15 4 8  12 15


INCUBATION TEMPERATURE ("C)INCUBATION TEMPERATURE ("C)

FIG. 2. Survival rates o f  embryo s f ro m f ertilizatio n to  hatching and


o f  alevins f ro m hatching to  emergence f o r Adams River and Weaver


Creek so ckeye salmo n. Ten f ull-sib f amilies were examined in each


sto ck.


FIG. 3. Survival rates o f  embryo s and alevins f o r Kitimat River


(f ive f amilies), Bella Co o la River (f ive f amilies), and Quesnel River


(f o ur red-f leshed, f o ur white-f leshed f amilies) chino o k salmo n.


TABLE 2. Survival rates o f  embryo s and alevins f o r red-f leshed and white-f leshed Quesnel


River chino o k salmo n incubated at co ntro lled temperatures o f  4, 8, 12, and 15 "C

Embryo s Alevins


Temperature


("c) Co lo ur Number Survival rate Number Survival rate


4 Red


White


8 Red


White


12 Red


White


15 Red


White


f amily and incubatio n temperature f o r all alevin size characters 

co lo ur and temperature appro ached signif icance f o r alevin


(Fig. 5), illustrating that substantial variatio n exists within 

length (F3,18 = 2.10, 0.10 < P < 0.15). This o ccurred


sto cks to  respo nd to  variable thermal regimes. 

because white alevins were lo nger than red o nes at 4OC (white


If  red- and white-f leshed chino o k salmo n alevins are adapted 

21 .7 mm, red 21 .6 mm) and 8 OC (white 21 .8 mm, red


to  dif f erent temperature regimes, an interactio n between co lo ur 

21.7 mm), a result to  be expected based upo n the initial egg

and incubatio n temperature wo uld be expected. No  signif icant 

size dif f erences. Ho wever, white alevins were sho rter at 12OC


interactio ns were o bserved, altho ugh the interactio n between 

(white 19 .9mm, red 20.0 mm) and 15 OC (white 19 .3mm, red
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TABLE 3. Mean egg weight, egg diameter, and f emale po sto rbital-hypural length, f o rk length, to tal weight, yo lk weight, and tissue weight f o r so ckeye and chino o k salmo nalevins and f ry


maintained at 2, 4, 8, 12, and 15°C


-  -  -  -

Alevin 

Mean egg


Fry


weight (mg) ,  Fo rk To tal Yo lk Tissue Fo rk To tal Yo lk Tissue


diameter (mm), and Temperature length weight weight weight length weight weight weight


Sto ck f emale length (mm) ("C) N (mm) (mg) (mg) (mg) N (mm) (mg) (mg) (mg)


Weaver 144.1 + 12.4 2 

6.54k0.26 4 

47 6k 16 8 

12 

15 

Adams 9 7 .2k12.0 2 

5.77 f  0.24 4 

483 +9  8 

12 

15 

So ckeye salmo n


147 19 .3f  1.3 128.9 f  10.2 69 .4k6.0

288 20.3k0.7 148.2f  11.2 71.5 f  9 .0

293 20.2k0.6 146.4f  12.2 75.0f  8.8

293 18.8k0.6 143.6k13.0 81.6k9 .0

293 17 .6 f 0.6 140.9 k12.1 83.9 f  8.3

277 18.050.8 9 8.1 f  11.2 49 .4f  7.4


272 18.8k0.8 101.1 f 11 .6 49 .5k7 .2

296 18.9 f  0.6 110.6k 10.2 52.8f  7 .8

288 17 .6k0.8 109 .7 k 10.1 57 .8f  8.0


279 17.1 k0.5 109 .5k 10.5 58.2k9 .9

m .I 


Chino o k salmo n -

Kitimat 356.1552.4 4 113 22.3f  0.7 345.3k37 .9  212.6k 30.0 132.7k 15.5 117 33.6k0.9  522.7k52.7 69 .2k24.7 453.5f  41.7


8.85 k0.40 8 148 21.5k0.9  356.6k50.7 234.2k 39 .2 122.4k 19 .0 150 34.8f  1.2 561.5f  67.2 62.8k36.1 49 8.7k52.9

821k46 ,  12 134 20.8k0.6 339 .8k 48.1 232.5f  36.2 107 .3k 19 .4 139 33.2f  1.1 507.5f  72.8 83.1 k29 .4 424.4k53.7

15 128 19 .7 50.8 328.3k42.1 225.3k30.0 103.1 k21.0 122 31.1 f  1.7 451.0f  50.8 106.6k35.6 344.5k45.1

Bella Co o la 39 6.0k59 .1 4

9 .1 f 0.51 8

12


15


Quesnel 317 .4k22.7 4

8.47k0.28 8

803 + 62 12


15


NOTE: N is number o f  alevins and f ry measured f o r all f amilies in each sto ck. Thirty eggs were examined f o r each f emale. Values are mean k SE. Female length was no t available f o r the Bella Co o la sto ck.

C
an

. 
J.

 Z
o

o
l.

 D
o

w
n

lo
ad

ed
 f

ro
m

 w
w

w
.n

rc
re

se
ar

ch
p

re
ss

.c
o

m
 b

y
 C

al
if

 D
ig

 L
ib

 -
 D

av
is

 o
n

 1
1

/0
3

/1
6

F
o

r 
p

er
so

n
al

 u
se

 o
n

ly
. 

http://www.nrcresearchpress.com


BEACHAM AND MURRAY


. .


2 4 8 12 15 2 4 8  12 15


INCUBATION TEMPERATURE ("C)

FIG. 4. Fork length and tissue weight of alevins at 50% hatching for


Adams River and Weaver Creek sockeye salmon incubated at 2,4, 8,

12, and 15°C.


19 .9 mm) than red o nes, indicating a weak dif f erential


respo nse to  incubatio n temperature.


Fry size


Signif icant temperature ef f ects were o bserved in all so ckeye


salmo n f ry size characters (all P < 0.01). The lo ngest f ry


o ccurred at 4OC, 

and the lightest f ry o ccurred at 15 OC


(Table 3). Fry emerging at 15OC had the greatest amo unt o f 


yo lk, as was o bserved f o r alevins. Sto ck dif f erences were also 


o bserved in all f ry size characters, with larger f ry pro duced in


the Weaver Creek sto ck, which also  had larger initial egg size.


As with the alevins, signif icant dif f erences were also  o bserved


amo ng f amilies within sto cks f o r all f ry size characters (all


P < 0.01) (Fig. 6), pro bably largely attributable to  variatio n in


egg size.


Signif icant sto ck and temperature interactio ns were o bserved


f o r all the so ckeye salmo n f ry size characters (all P < 0.01).

Adams River f ry grew better at 2OC than did Weaver Creek


fry, relative to  their perf o rmance at 8 OC. Fo r example, tissue


weight o f  Adams River f ry at 2OC was 9 7 % o f  that o bserved at


8OC, whereas that o f  Weaver Creek f ry at 2OC was o nly 87%

o f  that o bserved at 8OC. This illustrates that the interio r-

spawning Adams River sto ck appears to  be better adapted to  a

low temperature thermal regime during develo pment than the


co astal-spawning Weaver Creek sto ck. Signif icant f amily and


temperature interactio ns were also  o bserved f o r all f ry size


characters (all P < 0.01) (Fig. 6), illustrating that f amilies


within sto cks are no t all equally adapted to  respo nd to  the same


- -

thermal regime during develo pment.


Incubatio n temperature had a signif icant ef f ect o n all

chino o k salmo n f ry size characters (all P < 0.01). The

sho rtest and lightest f ry with the mo st yo lk at emergence


o ccurred at 15 OC (Table 3). The heaviest f ry o ccurred at 4OC


f o r the Bella Co o la River and Quesnel River sto cks and at 8OC


in the Kitimat River sto ck (Table 3). Signif icant sto ck and


t 

-

- 

B E LLA  COOLA k


1  8 1  4 8  12 15 8  0  1 

4 8  12 15


INCUBATION TEMPERATURE ( " C )

FIG. 5. Fork lengthand tissue weight of alevins at 50 % hatching for


Kitimat River, Bella Coola River, and Quesnel River chinook salmon


incubated at 4, 8, 12, and 15°C.


f amily dif f erences were o bserved in all f ry size characters (all


P < 0.01), but these were largely attributable to  variatio n in


initial egg size.


Signif icant sto ck and temperature interactio ns were o bserved


f o r f ry length (F6,45 = 2.69 , P < 0.05), yo lk weight at emer-

gence (F6,45 = 4.9 5, P < 0.01), and tissue weight (F = 3.41,

P < 0.01) (Fig. 7). Fo r example, Quesnel River f ry emerging


at 4°C had 7 % mo re tissue weight relative to  tho se emerging at


8°C; Bella Co o la River f ry had 6%mo re; and Kitimat River


f ry had 9 % less tissue weight f o r f ry emerging at 4OC com-

pared with 8OC. Trends in f ry tissue weight with respect to 


incubatio n temperature varied amo ng sto cks, resulting in the


signif icant statistical interactio n. The marginally higher f ry


gro wth rates at a lo w temperature o f  the interio r-spawning


Quesnel River sto ck may ref lect so me adaptatio n to  thermal


regimes enco untered during develo pment. As in previo us


examples, signif icant interactio ns between f amily and


temperature were o bserved in all f ry size characters (all P <


0.01) (Fig. 7).

No  signif icant interactio ns between f lesh co lo ur and


temperature were o bserved f o r any o f  the f ry size characters in


the Quesnel River sto ck (all P > 0.05). There was so me indi-

catio n that white f ry grew less well at 15OC than red f ry. Fo r

example, tissue weight o f  white f ry was heavier at emergence


than that o f  red f ry at temperatures o f  4 (452 vs. 441 mg),

8 (427 vs. 408 mg), and 12°C (390 vs. 383 mg), but at 15OC


red f ry were heavier than white f ry (331 vs. 341 mg).


Discussion


Substantial dif f erences in develo pmental characters o ccurred


between interio r- and co astal-spawning sto cks o f  so ckeye and


chino o k salmo n. Egg size was smaller in interio r-spawning


sto cks compared with co astal-spawning sto cks. Egg size in


Pacif ic salmo n is generally related to  f emale size (Bilto n and
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ADAMS

28 , -  

2  4 8  12 15 2  4 8  12 15


II\ICUBATION TEMPERATURE ( " C )

FIG. 6. Fork length and tissue weight of fry at 50% emergence for


Adams Riverand Weaver Creek sockeye salmon incubated at 2,4, 8,

12, and 15°C.


Jenkinso n 1966; Bilto n and Smith 19 73; Beacham and Murray


1985); ho wever, f emales in the interio r-spawning so ckeye


salmo n sto ck that we examined were lo nger than tho se in the


co astal sto ck, so  this is an inadequate explanatio n f o r sto ck


variatio n in egg size. Egg size may also  ref lect sto ck variatio n


in f ecundity, with mo re f ecund sto cks having smaller eggs. In


so ckeye salmo n, mean f ecundity in the Cultus Lake sto ck in


the lo wer Fraser River is 4100 eggs (Fo erster 1968), whereas


f ecundity in the upper river Chilko  Lake sto ck is less than 3500


eggs (Williams 1977). As lo wer Fraser River so ckeye salmo n


sto cks tend, o n average, to  have larger eggs than upper river


sto cks (Branno n 1987), the expectatio n that mo re f ecund


sto cks sho uld have smaller eggs is no t suppo rted. It may be


that interio r-spawning sto cks have a lo nger f reshwater migra-

tio n than co astal-spawning sto cks, and co nsequently they


expend greater energy during their migratio n (Gilho usen


1980). This greater expenditure o f  energy may be diverted


f ro m egg pro ductio n, resulting in smaller eggs at maturity.


Interio r-spawning sto cks o f  so ckeye and chino o k salmo n had


higher embryo  survival rates at lo w incubatio n temperatures


than did co astal spawning sto cks. These results suggest that


interio r sto cks are better adapted to  lo w water temperatures


during develo pment, presumably a result o f  selectio n to  lo wer

water temperatures experienced during the winter. Variatio n


amo ng sto cks in embryo  survival rate has also  been o bserved


f o r pink (Beacham and Murray 1988) and chum salmo n


37


KITIMAT

65 0 -

30 - 

/-4 30 0 - 

-4


-2


2  9 4 5  -  

2 5 0  1 , 


4 8  12 15


BELLA COOLA F'


QUESNEL


>


E


35 1 
 LL 5 0 0 1 


4 8  12 15 4 8  12 15


INCUBATION TEMPERATURE ("C)

FIG. 7. Fork length and tissue weight of fry at 50% emergence for


Adams River, Bella Coola River, and Quesnel River chinook salmon


incubated at 4, 8, 12, and 15°C.


(Beacham and Murray 1987)and has been interpreted to  ref lect


adaptatio n to  lo cal enviro nmental co nditio ns.


No chino o k salmo n embryo s survived at 2 "C, whereas sur-

vival rates in excess o f  9 5 % were o bserved at 4°C in two  o f  the


three sto cks examined. The temperature o f  50% embryo  mo r-

tality is pro bably thus near 3 "C, similar to  the co nclusio n o f 


Alderdice and Velsen (1978). The lo wer temperature o f  50%

mo rtality f o r so ckeye salmo n embryo s varied amo ng sto cks,


but pro bably ranges between 1and 3 "C . Our o bserved survival


rate o f  33 % f o r Weaver Creek embryo s incubated at 2°C is in


clo se agreement with the 40% rate o bserved by Murray and


McPhail (1988) f o r the same sto ck under a 2°C incubatio n


regime, pro viding f urther evidence this sto ck is no t adapted to

lo w water temperatures during embryo nic develo pment.


Murray and McPhail (1988) repo rted that chino o k salmo n


embryo s f ro m the interio r-spawning Babine River sto ck in


no rthern British Co lumbia survived at a rate o f  14% under a


2°C incubatio n temperature, co mpared with the co mplete mo r-

tality o bserved in no rthern co astal sto cks o r in the so uthern


interio r sto ck in o ur study. These o bservatio ns pro vide f urther


evidence that variatio n in survival rates during develo pment


likely ref lect adaptatio ns to  lo cal enviro nmental co nditio ns.


White-f leshed chino o k salmo n embryo s were less viable at

15°C than red-f leshed embryo s. Craik (1985) suggested that


caro teno ids in the egg may have so me ro le in metabo lism if 


o xygen is limited in the enviro nment. Our results tend to  sup-

po rt this hypo thesis, with lo west disso lved o xygen co ncentra-
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tio ns expected at the highest incubatio n temperature.

White-f leshed alevins also  survived mo re po o rly at 15OC than

red-f leshed o nes, but it is dif f icult to  acco unt f o r this dif f erence

as a result o f  o xygen deprivatio n. Lo wer survival o f  white-

f leshed embryo s incubated at temperatures between 1 .7  and

9 .0°C has been o bserved (Hard 19 86). White-f leshed embryo s

and alevins may be less viable than red-f leshed o nes, but a

co mpletely satisf acto ry explanatio n is no t yet available.

Hatching and emergence timing o f  alevins and f ry varied

amo ng the sto cks, with interio r-spawning (and later-spawning)

sto cks having f aster develo pment rates than co astal-spawning

sto cks. Sto ck variatio n in develo pment rate has been described

f o r pink and chum salmo n by Beacham and Murray (19 87 ,

19 88) and has been interpreted to  ref lect adaptatio ns to  spawn-

ing enviro nments. Pink and chum salmo n generally do  no t

migrate f ar upstream during spawning migratio n. Ho wever,

chum salmo n in the Yuko n River migrate up to  2800 krn


upstream (Milligan et al. 19 86) and spawn in Octo ber, but

their develo pment rate is much f aster than that o f  a co mparable

British Co lumbia sto ck spawning in Octo ber (Beacham et al.

19 88). Develo pment rates o f  specif ic sto cks likely ref lect

adaptatio ns to  timing o f  spawning and thermal regimes experi-

enced during develo pment (Beacham and Murray 19 87 ;

Branno n 1 98 7 ).

Interio r-spawning sto cks had pro po rtio nately larger alevins

o r f ry  at lo w incubatio n temperatures relative to  their perf o rm-

ance at 8OC than did co astal-spawning sto cks. This indicates

that they were mo re ef f icient at metabo lizing yo lk at lo w incu-

batio n temperatures, perhaps ref lecting adaptatio ns to  thermal

enviro nments during develo pment. Dif f erential ef f iciency o f

yo lk co nversio n to  bo dy tissue amo ng sto cks has been repo rted

f o r pink (Beacham and Murray 19 88) and chum salmo n

(Beacham and Murray 19 87 ), and has been interpreted as adap-

tatio n to  co lder thermal enviro nments during develo pment. In

summary, as salmo n ho me to  their natal streams to  spawn at

specif ic times each year, distinct sto cks have develo ped, and

given the diversity o f  spawning habitats, it is no t unreaso nable

to  expect that adaptatio ns to  lo cal enviro nmental co nditio ns

sho uld o ccur in many o f  their lif e-histo ry characters.
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